A cogeneration cycle for electric power and refrigeration, using an ammonia-water solution as a working fluid and the geothermal hot water as a heat source, is proposed and investigated. The system is a combination of a modified Kalina cycle (KC) which produces power and an absorption refrigeration cycle (ARC) that generates cooling. Geothermal water is supplied to both the KC boiler and the ARC generator. The system is analyzed from thermodynamic and economic viewpoints, utilizing Engineering Equation Solver (EES) software. In addition, a parametric study is carried out to evaluate the effects of decision parameters on the cycle performance. Furthermore, the system performance is optimized for either maximizing the exergy efficiency (EOD case) or minimizing the total product unit cost (COD case). In the EOD case the exergy efficiency and total product unit cost, respectively, are calculated as 34.7% and 15.8$/GJ. In the COD case the exergy efficiency and total product unit cost are calculated as 29.8% and 15.0$/GJ. In this case, the cooling unit cost, , p cooling c , and power unit cost, , p power c , are achieved as 3.9 and 11.1$/GJ. These values are 20.4% and 13.2% less than those obtained when the two products are produced separately by the ARC and KC, respectively. The thermoeconomic analysis identifies the more important components, such as the turbine and absorbers, for modification to improve the cost-effectiveness of the system.
Introduction
In recent decades, rising concerns over fossil fuels shortages and environmental impact have motivated investigators to seek energy conversion methods with high efficiency and low environmental impact. Cogeneration systems have received much attention because of their promising features such as high thermodynamic and environmental performance as well as low production cost [1] . Also, renewable energies including geothermal, solar, wind and biomass are being increasingly exploited because of their sustainability and abundance [2] . Among the types of renewable energy, geothermal waters, due to their large quantities and high stability, are increasingly prevalent and are likely to play an important role in future energy systems [3, 4] .
Binary mixtures such as ammonia-water solutions are used in many energy conversion systems because of their variable boiling point (approximately −60 °C to −10 °C), allowing the solution to reach an acceptable temperature balance between the solution and components, resulting in lower exergy destructions in components such as heat exchangers, absorbers and boilers [5] . In parallel, many studies have been carried out on cogeneration, tri-generation and multi-generation systems employing binary mixtures such as the ammonia-water solutions [6, 7] . To utilize low-temperature heat sources, the organic Rankine cycle (ORC) and the Kalina cycle (KC) have both been demonstrated to be reliable and applied extensively in electricity generation [8] [9] [10] [11] [12] [13] [14] . To produce cooling, absorption chillers are widely utilized. They are driven by a heat source, which can be industrial waste heat or solar thermal energy [15] .
Much work has been done on cogeneration systems. A distinct cogeneration cycle, capable of generating cooling and electrical power simultaneously, was suggested by Goswami [16] . The proposed cycle operated with an ammonia-water working fluid and one heat source. Said et al. [17] experientially investigated a solar driven cogeneration system using an ammonia-water solution as a working fluid and achieved a COP of about 0.7 and 10 kW refrigeration capacity. Cao et al. [18] comprehensively evaluated a combination of the KC and an ARC by applying a genetic algorithm to achieve the maximum exergy efficiency. Seckin [19] investigated a power/cooling cogeneration cycle which combined KC and ejector refrigeration cycles. In that study, the effects were examined on the produced power and cooling as well as first and second law efficiencies of the cogeneration cycle of varying several parameters, including basic ammonia-water concentration, turbine inlet pressure, condenser temperature and refrigerant pressure in the heat exchangers. Also, the effects of several refrigerants on the performance of the cogeneration cycle are investigated. In order to produce electrical power and cooling simultaneously via heat recovery from the exhaust gases of a gas engine, Chen et al. [20] proposed and examined a cogeneration cycle. In that study, the exergy efficiency and produced net power were found to be 33.7% and 92.9 kW respectively.
Despite the fact that most discussed combined cooling and power (CCP) cycles exhibit satisfactory outcomes, in terms of the energy and exergy efficiencies, these factors do not guarantee whether or not the system is cost-efficient. A different and superior approach known as the exergoeconomic (or thermoeconomic) analysis has been used in many novel studies [21, 22] . From this point of view, exergy and cost analyses are combined, reflecting both thermodynamic as well as economic perspectives simultaneously.
Rashidi and Yoo [23] compared the Kalina power/cooling cogeneration cycle (KPCC) and the Kalina LiBr H O absorption chiller (KLACC) cogeneration cycle from thermodynamic and exergoeconomic viewpoints. The exergoeconomic results demonstrated that the unit cost of production for the KPCC is 20.5% less than the corresponding value for the KLACC cogeneration cycle. Akbari and Mahmoudi [24] conducted a thermoeconomic analyses of a combined power and refrigeration cycle comprising organic Rankine and absorption refrigeration cycles. They optimized the cycle and concluded that the production unit cost is 20.4% less in the optimized case than the original case. Ahmadzade et al. [25] conducted thermodynamic and thermoeconomic analyses and optimization of a solar-driven combined Rankine and ejector refrigeration cycles, using an ammoniawater working fluid. The total production unit cost was seen to be 7.8% less for the optimized case. Shokati et al. [26, 27] investigated with exergoeconomics absorption power and cooling cogeneration cycles based on the KC and including an ammonia-water double effect KC/ARC and two configurations of the KC and ARC. They concluded that the boiler and low-pressure absorber make the highest contribution to the exergy destruction and capital investment cost rates, implying that these components are the least cost-efficient components in the proposed system.
Thermodynamic and thermoeconomic analyses are conducted in order to determine the energy and exergy efficiencies and unit exergy cost for each stream. Additionally, the effect of varying decision parameters is examined on the cycle performance including the exergy efficiency as well as total product unit cost. To determine the optimum working condition for the cycle, optimization is carried out by modifying all parameters to attain either the maximum exergy efficiency (EOD case) or the minimum product unit cost (COD case). Lastly, exergoeconomic parameters such as exergy destruction rate, exergy destruction cost rate, and the exergoeconomic factor are assessed separately for each component to determine the most important components for modification in order to improve the cost-efficiency of the system. Figure 1 illustrates the proposed integrated power and refrigeration system, consisting of a modified Kalina cycle and absorption refrigeration subsystems. The two subsystems are connected in such a way that they have a common condenser where the outlet flow (state 12) is divided into two separate streams. One flow goes through the KC to produce power (state 12b), while the other one runs through the ARC to generate cooling (state 12a).
System Description
Initially, the temperature and pressure of the saturated ammonia-water liquid coming from the Kalina absorber (state 1) are increased in pump1, reheating exchangers (RHE) 1 and 2, respectively before entering to the boiler (states 1 to 4). Meanwhile, the geothermal hot water is supplied to the Kalina boiler (state 32b) to provide heat for the ammonia-water solution passing through it.
The exiting vapor-liquid solution from the boiler (state 5) is divided into two segments in separator 1 (Sep 1). The separated weak solution with a lower ammonia concentration (saturated liquid) is cooled in the RHE2 (state 5b) and after an isenthalpic process in throttle valve1 (state 8), the solution passes to mixer 1 (state 8). Another solution from separator 1 (saturated vapor-state 5a) produces power in the turbine before being mixed in mixer 1 (state 6) with the other solution coming from valve 1 (state 9).
After being cooled in RHE2 (state 10), the mixed stream is combined with the ARC generator strong exiting solution (state 20) in mixer 2. Next, the divided ammonia-water vapor in separator 2 (state 11b) passes through the absorber 2 and its vapor is absorbed, while the saturated ammoniawater liquid (state 11a) is condensed and rejects its heat to the cooling water passing through the condenser (state 12).
Regarding the ARC, the separated part of the solution coming from the KC condenser is vaporized in the ARC evaporator (state 15) after being cooled in the absorption heat exchanger (AHE) and throttled in valve 2 (states 13 and 14).
The vaporized solution then enters the ARC absorber (state 16) and is mixed with the weak solution coming from the generator via the solution heat exchanger (SHE) and valve 2 (states 21 and 22) . The outlet stream of the absorber1 (state 17) goes through the SHE before entering the generator (state 19).
Due to the rectifying process in the rectification column of the generator, the outlet solution has a 0.99 ammonia concentration (state 20), which is mixed with the solution coming from the turbine in the KC. Finally, after transferring heat to the generator (state 32a) and the boiler (state 32b), the geothermal water is injected to the Earth again (state 35). 
Modeling and Analyses

Thermodynamic Analysis
Each component in the cogeneration cycle in Figure 1 is regarded as a control volume. Initially, mass conservation relations, as well as the first and second laws of thermodynamics, are applied for each component. All modeling processes are carried out by applying the EES software developed by Ibrahim and Klein [28] . Furthermore, the following simplifying assumptions are invoked during modeling:

The system operates at steady state; The mathematical model of each component, accounting for the above assumptions, are now written [29] .
The mass rate balance equation for a general component can be written as:
(1)
. .
where X denotes ammonia concentration in the ammonia-water solution.
Energy and exergy conservation equations for the entire system are given respectively as:
In Equation (4), each exergy term comprises the sum of chemical and physical exergies. The variations of other kinds of exergies in this study are negligible. Hence, we can write: (5) Chemical and physical exergy rates can be expressed by the following equations in the absence of electrical work, and the variations of kinetic and potential energies [29] :
where subscript 0 denotes the restricted dead state, which has the same temperature and pressure as the standard environment ( 25 °C and 1 bar). Therefore, 0 h and 0 s are the specific enthalpy and specific entropy of the dead state, respectively. Also, 0 e denotes the standard chemical exergy of a substance [29] . To assess the system performance in this study, the thermal efficiency, defined as the energy utilization factor (EUF) in the cogeneration cycles, and the exergy efficiency are calculated. The EUF factor can be described as the produced energy in the cogeneration cycle, including both power and refrigeration, divided by the input energy to the cycle from the heat source [28] [29] [30] :
where net W  denotes the net mechanical power produced in the KC and cooling Q  is the refrigeration produced in the ARC evaporator. Utilizing to Figure 1 , these parameters can be calculated as follows:
The exergy efficiency of the overall cycle can be written as follows [30] :
With the above equations, energy and exergy relations for each component are written (see Table  1 ). Stream numbers correspond to those in Figure 1 . Table 1 . Energy and exergy relations for the proposed cycle.
Component
Energy Relation Exergy Relation KC Pump 1 
Thermoeconomic Analysis
Thermoeconomics is a relatively new branch of engineering which combines exergy and economic analyses in order to examine systems better and to design more energy and cost-efficient systems. This approach provides worthwhile information about cost formation process and unit exergy cost for each stream. To accomplish this, the cost balance equation along with auxiliary equations need to be written [28, 29] :
where (16) In the above equations, C  and c represent cost rate of exergy ( $ hr.
) and cost per unit exergy ( $ GJ ) respectively. Meanwhile, w C  and q C  refer respectively to the costs associated with work and heat transfer rates in each component. From Equation (15) 
The levelized capital investment cost rate can be written by the following equation [28] :
In this study, k Z is calculated from functions in the appendix.
In Equation (18),  denotes annual operation hours for a plant, and k  and k  are fixed and variable operating costs respectively. Also, k R refers to other costs which are separate from operation and maintenance costs. The first term in Equation (18) is much larger than the two last terms, which can therefore be neglected. Finally, CRF is the capital recovery factor which can be written as follows [28, 29] :
where r i is the annual interest rate and n is the plant useful operation life.
The overall production cost rate and the total product unit cost for the entire system can be expressed respectively as follows [24] :
, , ,
For each component in Figure 1 the cost balance, as well as auxiliary cost equations, are listed in Table 2 . Table 2 . Cost rate balance and auxiliary equations for each component of the system.
Component
Cost Rate Balance Auxiliary Relations KC 12 15
13 a c c  Valve 2 13 14 22 23
Next, the exergoeconomic factor ( ), which plays a key role in evaluating the economic performance of the system and components, is introduced. This factor can be defined as the ratio of the costs associated with the operating and maintenance plus capital investment cost rates ( 
A high value of this factor, which lies between zero and one, implies for a component that if investment cost declines, the component would be more cost-efficient. Conversely, a low value of the factor indicates that cost savings could be achieved by decreasing the exergy destruction cost of the component.
Another important parameter is the cost of exergy destruction rate. This parameter does not appear in the cost balance equation (Equation (15)). It can be referred as a hidden cost which is associated with the exergy destruction rate and can be calculated for each component as follows [25] :
where , F k c is the average unit cost of fuel for each system component.
Results
First, the two subsystems introduced in the proposed cogeneration cycle in Figure 1 (KC and ARC) are validated individually referring to references [31] and [32] respectively. For the proposed modified KC in this study, as there is no data reported in literature, the data for a similar configuration [31] i.e., for the KC-11, are used to validate the results obtained in the present work for this cycle. The comparison is shown in Figure 2 .
Also, Table 3 compares pressure, temperature, ammonia concentration, and ammonia mass flow rate obtained for the ARC in the present study with those reported in reference [32] .
It can be seen that both of our results are in good agreements with those reported in literature, with a maximum relative difference of 0.5 percent. The values of the initial input data for the proposed cogeneration system are listed in Table 4 . It is assumed that the system operates 8000 h a year producing power and cooling [24] . Table 4 . Input parameters for the proposed cogeneration cycle.
Parameter
Symbol Value Environment temperature 
Performance Results
By applying the equations provided in the previous sections as well as the values in Table 4 , values are determined for pressure, temperature, ammonia mass flow rate, ammonia concentration, exergy rate, unit exergy cost rate, and exergy cost rate. The results are presented in Table 5 . It can be seen that the unit exergy cost for absorber and evaporator are the highest among the others, respectively. This is mainly because of the loss of heat in absorber and evaporator. Table 6 summarizes the values obtained for the cogeneration cycle performance parameters, including the thermal and exergy efficiencies as well as unit costs of the power, cooling and total production. It is observed that the power unit cost is considerably higher than the cooling unit cost.
This is attributed to the values of
 for the components involved in power generation especially for the turbine compared to the components serving for cooling production, as indicated in Table 6 . 
Parametric Study
In order to determine an optimum working condition, the variation of various parameters such as the condenser mass flow split ratio ( ), turbine inlet pressure (TIP), and evaporator and condenser pressures, are investigated to evaluate their effects on the cycle performance, in terms of such parameters as the exergy efficiency and total product unit cost. In the following subsections, only the specified parameter is considered as variable and others are kept constant.
Variation of Turbine Inlet Pressure (TIP)
The variation of the total product unit cost ( , p total c ) with TIP for the cogeneration cycle is depicted in Figure 3 for three values of evaporator pressure. It can be seen that as TIP rises to a certain value, , p total c reaches a minimum at each evaporator pressure and then rises as TIP rises further. Furthermore, it is evident that, as evaporator pressure increases, , p total c declines, which means that the proposed system is more cost efficient at a higher evaporator pressure. The trend shown in Figure   3 can be explained by the results in Figure 4 , considering that It is noted in Figure 5 that , p total c increases with increasing condenser pressure, while it decreases with increasing evaporator pressure, as illustrated in Figure 3 .
Variations in the thermal and exergy efficiencies as turbine inlet pressure varies are illustrated in Figure 7 . While the value of thermal efficiency rises consistently with increasing TIP, exergy  reaches a peak amount at a TIP of 34 bar and then decreases. Also, it can be seen that the value of exergy  is considerably higher than the thermal efficiency in the considered interval for TIP. The justification for the variation of exergy  in Figure 7 can be explained by referring to Equation 
Variation of Evaporator Pressure ( )
In this section, the effect is studied of varying evaporator pressure on such performance criteria as , p total c , thermal  , and exergy  . Figure 9 shows the variation of , 
The variation of
, p total c with evaporator pressure is shown in Figure 11 for several condenser pressures. It can be seen that a lower condenser pressure is more cost efficient. Furthermore, there is a minimum value for , p total c between evaporator pressures of 5 and 6 bar. (Figure 11 ). This is opposed to Figure 9 , where there is a reverse correlation between , p total c and TIP. In Figure 12 , the variation of thermal and exergy efficiencies are depicted for the original case. It is evident that the value of exergy  is higher than that of thermal  . Similar to the explanation provided above for justifying the variation in exergy  (Figure 7) , the justification for the variation of exergy  , which is depicted in Figure 13 , can be done by considering Equation (12) . Figure 13 . Effect of varying evaporator pressure on produced net power and cooling exergy rate.
Variation of Condenser Mass Flow Split Ratio ( m r )
The condenser mass flow split ratio is defined as the ratio of mass flow rate entering the ARC ( 
The effect of varying m r on , p total c is illustrated for three evaporator pressures in Figure 14 .
For each evaporator pressure, The trend seen in Figure 17 , with net W  exhibiting a peak, can be justified considering Figure 18 , comparing the produced turbine power and its mass flow rate. As the m r increases, the amount of produced turbine power as well as the turbine mass flow rate follow opposite trends, explaining how net W  varies in Figure 17 . For a condenser mass flow split ratio of m r = 0.15 the exergy efficiency is maximized at a value of 31%. The exergy efficiency is also maximized exergy  = 29% at a turbine inlet pressure of 31 bar.
Optimization
In the parametric study section, the effects of several parameters on the cycle performance are studied. However, only one parameter is considered in the study each time. In this section, all of the parameters are taken as variables to determine the optimum working condition for the system using the Variable Metric Optimization Method in the EES. This method is well known and commonly used in connection with unconstrained optimization, since it demonstrates good theoretical and practical convergence properties [33] . The basic idea is to fit the objective function to a quadratic function of all independent variables.
Two objectives are considered: the exergy efficiency and the total product unit cost. Hence, two separate cases are examined. In the first case, known as the exergy efficiency optimal design (EOD), the exergy efficiency is maximized and in the second case, known as the cost-optimal design (COD), the total product unit cost is minimized. The range of variations for the parameters influencing system performance are as follows: The optimization results (local optimums) are summarized in Table 7 , which compares performance parameters for the original, EOD, and COD cases. Referring to Table 7 , the produced net power in the EOD case is 1154 kW which is 16.33% and 3.1% higher than the values obtained for the original and COD cases, i.e., 992 kW and 1120 kW, respectively. Likewise, the cooling capacity in the EOD case is 230 kW being 238.2% and 101.7% higher than the corresponding values obtained for the original and EOD cases, i.e., 68 and 114 kW, respectively. It is also apparent from Table 7 that the EOD case has the highest exergy efficiency (34.7%), which is 31% and 16% higher than the corresponding value for the original and COD cases, respectively. With respect to the thermal efficiency, again the EOD case exhibits about a 60% higher energy efficiency than the COD case. Regarding , p total c , the COD case exhibits the lowest value among all cases; that value is 18.5% and 5.11% lower than the corresponding value for the original and EOD cases respectively. Also, it is apparent that, in the COD case, both power and cooling unit costs are lower than for the other cases.
Lastly, it can be seen that the turbine pressure ratio as well as condenser mass flow split ratio take on higher values for the EOD case compared to other cases. Table 8 compares the amount of cooling and power unit costs for the cogeneration system, ARC, and KC under the original case, and the EOD as well as the COD cases. It is obvious that combining the KC and ARC results in reduced values for power and cooling unit costs in all cases.
Comparing the results obtained for individual cycles and the proposed cycle, it is observed that the power unit cost obtained with the cogeneration system is lower by of 12.4%, 11.9%, and 13.2% under original, EOD, and COD cases, respectively. The corresponding values for cooling unit cost are 26.5%, 23.0%, and 20.4%, respectively. 
Exergoeconomic Factor
In this section, the original, COD and EOD cases are investigated and compared from the viewpoint of thermoeconomics. This analysis identifies the most important components, i.e., those which have the highest exergy destruction rate and highest exergoeconomic factor ( k f ). In Table 9 , various parameters including exergy destruction rate ( In Table 9 , all components are arranged in descending order based on the value of the sum
The results indicate that the Kalina turbine, absorber 2, and absorber 1 take on the first three places, which implies that more consideration in terms of optimization and modification should be paid to those components to improve their cost efficiencies. Regarding values for k f in Table 9 and Equation (22), the large values of the exergoeconomic factor are observed for the turbine, pumps, and RHE 2. This indicates that the capital investment and operating and maintenance costs dominate and they should be reduced in order to improve the cost effectiveness of the component. On the other hand, the relatively lower values of the factor for the absorbers and the boiler suggests a decrease in the exergy destruction value for those components would help to achieve to a more cost effective system. 
Conclusions
In the current study, the proposed cycle generating cooling and power simultaneously is studied from thermodynamic and economic viewpoints. Energy, exergy, and exergy cost rates are calculated for all cycle streams. Under the base case conditions, the thermal and exergy efficiencies are achieved as 7.10% and 26.4%, respectively and the total product unit cost is calculated as 18.4 $ GJ .
The effects are investigated of three significant parameters, turbine inlet pressure (TIP), evaporator pressure and condenser mass flow split ratio, on the exergy efficiency and total product unit cost of the system. It is observed that as these three parameters are varied separately, , p total c achieves a minimum. It is concluded that an increase in the evaporator pressure and also in the turbine inlet pressure results in a decrease of Furthermore, the exergy efficiency reaches its peak value (31% and 29%) at the optimum values of 0.15 and 31 bar for m r and TIP, respectively.
Following the parametric study, all of the previously mentioned variables plus others like generator temperature, condenser pressure and pinch point temperature difference are considered as variables to optimize the system to achieve the highest exergy efficiency (EOD case) or the lowest total product unit cost (COD case). The results show that the EOD case exhibits 60% and 16.4% higher energy and exergy efficiencies respectively than the COD case. However, the total product unit cost is 5.11% lower for the COD case than the EOD, at the expense of a 16.4% reduction in the exergy efficiency. Additionally, the EOD case produces a higher value of net power and cooling capacity than the COD case.
By comparing the proposed cogeneration system with its subsystems, it is seen that combining the two subsystems leads in reductions of 12.4%, 11.9%, and 13.2% in the power unit cost in the original, EOD, and COD cases, respectively compared to when power is produced from the Kalina Cycle individually. Furthermore, the unit cost of cooling has reduced by 26.5%, 23.0%, and 20.4% in the mentioned case studies in comparison with when ARC generates cooling separately.
With respect to the thermoeconomic analysis, the original case has the highest total values of exergy destruction rate as well as total exergy destruction cost rate. It can be seen that the highest exergy destruction and exergy destruction cost rates among the components is attributable to the boiler and absorbers respectively, whereas the evaporator, mixers, and pumps contribute to the lowest exergy destruction rates Also, the sum ,
is higher for the turbine and two absorbers, which implies that they merit more attention for reduction and optimized than other components, because these components have the highest rates of exergy destruction plus investment costs.
A relatively higher values of k f for turbine, pumps, and RHE2 suggests that a reduction in the cost of operating and maintenance and capital investment costs could be of benefit for the system to be more cost-efficient. On the other hand, reducing exergy destruction rates in components with a lower k f such as absorbers and boiler would improve the cost-efficiency of the system.
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Nomenclature
Cost rate ($/hr.)
Eva evaporator
Unit exergy cost ($/G J) In order to assess the purchased equipment cost for the turbine, heat exchangers and pumps that are utilized in the cycle, the following equations are used in this study [34] : 
The value Y in Equation (A4) implies the area of the heat exchanger or the capacity of the turbine and pump. Also 1 K , 2 K , and 3 K are the coefficients of equipment cost. Their values can be found in Table A1 . The material factor ( M F ) and constants 1 B , 2 B , and 3 B are listed in Table A1 too. The relation for the pressure factors in the above equations ( P F ) can be determined as follows [34] :
1 , 2 , 3 , log log(10 1) (log( 10 1))
where pressure factors ( 1 C , 2 C , and 3 C ) can be found in Table A1 . Costs obtained from Equations (A1)-(A3) are in the reference year and need to be converted to the present year (2019). This is done by applying the Marshall and Swift equipment cost equation [34] : In the current study, all heat exchangers including the evaporator, condenser, absorbers, SHE, and AHE are regarded as shell-tube types and their areas can be calculated by the LMTD method and applying the following equation [35] :
where k U denotes the overall heat transfer coefficient for each heat exchanger, values for which can be found in Table A2 . 
